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OZpiTE PTJRIFICATIOF OF WATER.
I
I nt roduc t i on
,
Ozone is a most effective v/ater sterilizer because of its
powerful destructive action upon all organic matter. This fact
has been verified by experiments conducted over a long period of
time. As yet little has been accomplished in ozone water purifi-
cation by Americans, the Lindsey plant* ha.ving proved to be un-
successful. The failure of this installation, according to the
report of the investigating board, v;as due entirely to mechanical
defects in the method of treatment.
In Europe, ozone has been used successfully for some tim.e
as a sterilizing agent in m.any different water purifying plants,
and equipments located at Schierstein and Paderborn** have given
complete satisfaction. The apparatus in each of the above in-
stallations was built by the Siemens and Halske Company of Berlin.
The Schierstein plant is designed to sterilize 66000 gallons of
water per hour, but only about one-half of this amount is ordinar-
ily used. This plant is divided into two independent units, one
being in operation while the other is at rest. Electric genera-
tors provide pov/er for operating the pumps and supplying the step-
up transformers ¥7hich deliver energy to the ozonizers at 6500
volts. After passing thru the ozonizers the air is driven up thru
* Ca na'dfan EngTne ef
T
' Yol , 1 8", 'iTumber 3S. Also June 3, 1910.
Experimental Electro-chemistry. N. Monroe Hopkins, Ph.D.
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the sterilizing towers by means of fans, where it mixes thoroughly
with the water.
The sterilizing towers are built of brick and divided into
four sections by perpendicular walls. Each of these four sections
is filled with coarse gravel, thru which the water trickles and
presents a large surface to the ozonized air. Thru the combined
sections of each tower water passes at the rate of 15,100 gallons
per hour and ozonized air is driven upward at the rate of S,800
cubic feet per hour, 1.905 cubic feet of air being used to
sterilize 1 cubic foot of water. The cost of this purification
is given as .35 cents per cubic meter (.01 cents per cubic foot).
Tests of the sterilized water by German chemists and
bacteriologists has proved that the treatment of water with the
above described apparatus is in every way successful so far as
the destruction of germs and bacteria is concerned.
So far as could be ascertained, ozone water purifiers have
been confined entirely to plant installation such as the Schierstein
system. Obviously a small ozonizer for household use r/ould be
very desirable in locations where a large plant could not be in-
stalled to advantage. Such an ozonizer would necessarily need to
be compact and inexpensive, and, to fulfill both of these require-
ments, treatment could not be effected by forcing the ozonized
air thru the water by the methods used in plant purifying apparatus
because of the large outlay for accessories and excessive space
which would be necessary. The idea upon vrhich this investigation
has been based is to employ an aspirator for drawing in the
ozonized air and mixing it with the water. This would form a
2

simple and inexpensive means of bringing the water and ozonized
air together, and -vvould require little space. The real problem
is, then, to determine conditions by which a sufficient concen-
tration of ozone can be produced to sterilize the water, and to
find the feasibility of this method of purification.
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ELECTRICAL PRODUCTION OF OZONE.
II
Ozone is a peculiar form of oxygen, the exact composition
of v/hich is doubtful, as it has never been obtained ir. a pure state,
being always accorapanied by oxygen. Hov/ever, there are good reasons
for believing that it is composed of three atoms of oxygen. Ozone
may be produced by several different chemical reactions such as
the slow oxidation of phosphorus or sulphur, and also by several
electrolytic actions. The most effective method of production,
however, is by means of a silent electrical discharge thru oxygen
or air.* This phenomenon was first discovered by Van Marum in
1785, when he noticed that oxygen, upon being exposed to electrical
discharges, acquired an odor similar to that experienced after the
atmosphere had been subjected to an active electrical storm. Sub-
sequent experiments have proved that this odor was due to the
presence of a powerful oxidizing form of oxygen, since known as
ozone. Numerous forms of apparatus have been designed to produce
ozone electrically for commercial use.
If the conductor of a Holtz electrical machine be connected
to a point, there will be an outflow of electricity from the latter.
In a dark room a small ball of light can be seen around the point,
ViThich will assume the form of a brush if there is a sufficient flow
of electricity. The discharge is discontinuous, as can easily be
proved by use of a rotating mirror. When the discharge takes place
* Experimental Electro-chemistry. N. Monroe Hopkins, Ph.D.
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in the air, the peculiar odor characteristic of ozone becomes per-
ceptible.
When a dielectric circuit, composed of two electrodes
separated by some insulator, such as glass or mica, is subjected
to a constantly increasing, alternating e. m. f., a certain value
of the latter is reached at v;hich a pale violet light, called
corona, will form and extend into the air. This corona has con-
siderable heating effect, and renders the air near the electrodes
more conducting. As the e. m. f, continues to increase, little
flashes of light, called streamers, dart thru the corona and extend
towards the edge of the electrodes. These streamers have a marked
heating capacity. A gas enclosed between the two electrodes is
soon brought to the glowing point, and in the case of air a com-
parativeli?- large amount of ozone is formed from the contained
oxygen.
All the conditions of the above phenomena agree in this
respect, - that, for an exceedingly short time, the enclosed gas
is heated to the glowing point, and then cools. Judging from the
spectra of the gases glowing under the influence of the action of
points, sparks, or electrical oscillations, the temperature at
certain times is much higher than that of the arc light. This
is deduced from, the fact that spark spectrum: excels the arc
spectrum in number of lines and brilliancy just as the latter ex-
cels that obtained with a Bunsen burner. Of course quantitative
differences exist betv/een the phenomena of the action of points,
spark discharges, and vibrations in the ether, in so far as the
5

best effect is concerned, according to the greater or smaller
quantity of energy possessed by the discharge; but all must, as
the spectra prove, produce a higher temperature than the arc light
for a very short time.
At these high temperatures, chemical reactions proceed in
quite a different direction from, that taken at the ordinary tem-
peratures, and the velocities are also m.uch greater. During the
extrem.ely short time of heating, the gas pressure cannot ccme
into equilibrium with that of the surrounding atmiosphere, and it
is assumed that the pressure of the gas stands in about the same
ratio to that of the atmosphere as do the corresponding absolute
temperatures, i.e. 30:1. After the short heating, a sudden
cooling takes place, so that the products of the reaction are
prevented from, passing back to the original condition during the
cooling interval.
The chemical equation for the formation of ozone is:
This reaction is reversible, that is, it proceeds in both direc-
tions at the same time* The speed of the reaction in each direc-
tion depends on the temperature and concentrations of the two
substances. For any given temxerature the concentration of the
two will change until the speed at which either is decomiposed
just equals the rate at which it is form.ed. At very high temper-
atures, the speed of the reaction to the right is greatly accel-
erated in proportion to the speed in the opposite direction.
Hence, the quantity of ozone present is greatly increased. For
6

medium temperatures just the opposite conclitior. prevails, thus
decreasirg the proportion of ozone. The reaction does not take
place at lovif temperatures.
The action of the electrical discharge in forming ozone
is as 'follows: At the instant of the discharge the oxygen is
heated to a very high temperature, at which the point of chem.ical
equilitrium is displaced to the right. As a result, a considerable
quantity of ozone is formed. Almost instantly the gas is cooled
to a comparatively low tem.perature, at which the reaction decom-
posing the ozone does not take place. Hence, the concentration
of the latter rem.ains fairly high.
The formation of ozone is effected by a number of condi-
tions, (l) Low temperatures increase the yield, since the amount
forrred is not so readily decomposed. (3) The presence of dust
decreases the quantity since ozone is lost in oxidizing it. (3)
The amount also diminishes with decreasing atmospheric pressure.
(4) Chlorine or oxidation products of nitrogen, if present,
hinder its formation, (5) The yield is promoted by hydrogen, if
the form-ition of water is rigidly avoided.
Working at atmospheric pressure Hautefeuille and Chappius
obtained the following percentages of ozone by weight:-*
I
Temp. ° C. -33 30 100
Percent 0,
by weight 31.4 14.9 10.
These correspond to the following percentages by volume
respectively:
14.33 9.97 7.03
* Text Book of Electro-chemistry, by Svante Arrhenius.
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Numerous ozonizers have been designed and built, ranging
in size from small laboratory apparatus to large affairs for com-
mercial use. Of these, the ozonizers constructed by Siemens and
Halske Company, and by Andreoli, have given the best results.*
"The Siem:ens and Halske ozonizer consists of two concentric
tubes, coated inside and outside and separated by a thin mica plate
placed close to the inside of the outer tube, and by a narrow space
thru which the air to be ozonized m.ust pass. It works with an
alternating current of 6500 voltsj the yield, i.e., the quantity
of heat consum.ed in the ozone formation (36000 cal. for 46 grams),
corresponds with only 3.2 percent of the electrical energy spent.*
The inner tube is kept cold by a stream of water".
Andreoli claims that his ozonizer gives a yield of ozone
about five times as great as that obtained by Gieisens and Halske
for the same energy consumption, namely, as high as 130 gramis of
ozone per kilowatt-hour .* His apparatus consists essentially of
a number of square aluminum plates about 70 cmi. on a side. Every
second one is sm.ooth, while the others are in the form, of grids,
composed of 80 pieces of notched aluminum, strips, each of v;hich
possesses 111 points. The smooth and grid plates are separated by
thin panes. Five pairs of these insulated plates are combined in
one system. A unit composed of eight such systems, when actuated
by an induction coil, whose primary current was 5,9 amperes at 85
volts and secondary at 3000 volts, absorbed 500 watts and gave 60
grams of ozone per hour. The air is blown thru the various systems
and, on account of the small amount cf energy consumed, no further
* Text Book of Electro-chem.istry
,
by, Svante Arrhenius
8
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cooling device is necessary. As in the Siemens and Ealske ozcnizer,
the volume of air treated for a given amount of ozone is very
large, thus giving a very small concentration.
9

IIETHOD AFP MANIPULATION
III
The experimental work for this investigation naturally
divided itself into three parts: (l) The production of the ozone;
(2) Method of sterilizing the v-rater; and, (3) The effect upon the
impurities.
Since the design of 3.nY ozonizer depends largely upon the
quantity of air to be treated in a given time and the concentration
of ozone desired, the first condition to be determ.ined v^as the
ratio of the volume of air to that of the v/ater. This proportion
v;as evidently controlled by the method of mixing the tv;o. In
this problem, since it was the intention to use an aspirator for
this purpose, the ratio v;as fixed by the capacity of the latter.
An efficient aspirator, of which a sectional view is shown
in Fig. 1, was obtained from C. K. Stoelting Company of Chicago.
The aspirator connected with the main at A, and the water in
passing thru the nozzle B was transformed into a jet. This jet,
after passing thru the narrow neck D, was broken into fine parti-
cles upon striking the side of staggered tube E. These mingled
thoroughly with the air in the tube and carried it out at the
lower end, thus creating a partial vacuum at the upper end of E.
This vacuum in conjunction with the action of the jet in passing
thru the neck D, drew air in thru the passage C,
A test by direct measurements, to determine the relative
volumes of air and water passing thru the aspirator, showed that
the ratio of the air to the water was 1 : 3 when a pressure of
10

40 pounds per sq, ir. . wa^ used. This ratio could be varied betv/een
zero and one-half by adjusting the water pres!?ure.
The calibration of the aspirator, showing that it could
draw in only one volume of air to purify two volumes of water,
indicated at once that air containing a very high concentration
of ozone vjould be required for effective sterilization, inasmuch
as the amount of ozonized air used by the Siemens and Flalske
purifier was nearly four times this amount for a given volume of
v/ater. In addition to this, the period of contact vras m.uch longer
in the Siemens and Kalske apparatus than could be obtained Virith
any aspirator.
The firs'; attempt to construct an ozonizer consisted of
wrapping ITo. 14 copper wire, one-ha.lf inch apart, about two boards,
to form, the electrodes. This proved unsatisfactory for two reasons,
viz., a very high voltage v/as necessary to produce corona, and it
was very difficult to adjust the distance between the v/ires so as
to obtain a uniform discharge from all of the turns.
To rem.edy these defects, two electrodes were designed and
constructed from brass plates. One plate was left smooth, but upon
one face of the other a series of parallel V-shaped ridges were
cut. The electrodes were square, being 4 in. on an edge. A hole
was drilled thru the center of the upper plate and fitted with a
tube which was connected to the aspirator. The distance between,
the plates was s-djusted by squares of fiber insulation placed as
shown in Figure II. With this arrangement, the air entered the
ozonizer on approximately the circumference of a circle of two
inch radius and left thru a small opening at the center. Conse-
11

c[uently, its velocity increased as it passed between the electrodes
towards the outlet.
With just an air space between the electrodes only ordinary
arcs were obtained, but when some other dielectric^ such as a
sheet of glass or mica, waa used in addition to the air space, the
violet glow indicative of corona was formed. At the same time a
strong odor similar to that of ozone becam.e perceptible. Qualita-
tive tests, consisting of exposing starch potassium iodide papers
or pink litmus papers moistened in potassium, iodide - both of
which turn blue in the presence of ozone - to the gases issuing
from the ozonizer, proved that ozone was being formed.
As it was necessary to know the exact am.ount of ozone
form.ed some method of quantitative measurement was required. The
best results obtained hy previous experiments, using pure oxygen,
has been from, five to seven percent converted into ozone. Since
air is approxim.ately one-fifth oxygen, only about one percent of
the air could be changed into ozone, provided the sam.e ratio of
transform.ation could be obtained from the oxygen contained in the
air. Such a small percent practically prohibited the direct
measurement of the ozone by absorbents, and the m.ethod chosen
consisted of allowing it to react with some substance of which the
chemical equation expressing the reaction with ozone was knov/n.
From, this equation the amount of ozone could easily be determined.
The reagent chosen for this purpose was a solution of
potassium iodide (X I), which reacts v;ith ozone to give free iodine,
potassiumi hydroxide (KOII), and free oxygen (O2). The am.ount of
12

iodine set free could eri^ily be measured by titrating against a
standard solutior of sodium thio-sulphate (rIa2S203). The equation
for the reaction of ozone (^3!*^ and a potassium iodide solution is:
2 XI + 0^ i- H^ '. 2 I2 + 3 XOF + 0^.
and for iodine (12^) with, sodium thio-sulphate:
1^+3 Na^S2 03 Na^S^O^ + 3 ITa I.
The chief ob;iectiori to this method is that the presence of nitrous
oxide or hydrogen peroxide will also liberate iodine,
A normal solution of IlaoS-O, was made and standardized
10 2 2*
T
by titrriting against a standard solution of iodine. From tnis a jg-^-
normal solution was obtained as required by adding 100 cc. o^"
-j^
ITa^S^O^ to ,9 liter of distilled water. From the above equations it
is seen that 33,4 liters of ozone equals 354 grams of iodine; which
is equivalent to 3 molecular weights of TTa^S^Oj. Therefore, it
would require molecular weight per liter for Na^82^3j ^^•'^
1 cc. of l^a.2^>2'^3 "'ould represent. 000113 liters of ozone.
The apparatus employed in making the tests for the deter-
mination of the quantity of ozone consisted of a 110 to 11000 volt
transformer, the ozonizer, two gas washing bottles, a gas meter,
voltm.eter ,rheostat , and the aspirator. The arrangement as used
for each test is shovm in Fig, III. All connections betVireen the
ozonizer and the wash bottles were mp.de of glass with sealed joints,
so that no ozone could come in contact with rubber tubing, or m.etal
after leaving the ozonizer.
The air, which wae drawn thru by the aapirator, was subjected
to the electrical discharge upon entering the ozonizer. After
13

passing between the electrodes, the ozonized air bubbled thru the
potassium iodide solution in the bottles, its volume being measured
by the gas meter. The solution in the first bottle was highly
colored by the free iodine liberated while that in the second bottle
acquired only a slight tinge. This showed that nearly all of the
oxidizing agents were being absorbed in the first bottle, and that
none were being carried past the second bottle. The quantity of the
oxidizing substances present was then determined by titrating
against a standard solution of sodium t hi o~ sulphate. This
oxidising mixture consisted alm.ost entirely of ozone, as tests
with litmus papers showed that the solution remained neutral. If
any of the oxidation products of nitrogen had been present, it would
have become acid.
Several tests showed that the amount of ozone varied with
the voltage impressed, the velocity of the air between the electrodes
and the distance between the latter. In order to determine the
best conditions, a series of tests were made v/ith a constant dis-
tance between the plates, and a constant rate of flow of air. The
voltage was varied hj suita.ble steps between, the lowest and highest
value possible, - the upper limit being the value whe:.e arcs foriued.
From this data curve No. 1 was plotted between the percent
of ozone formed and the voltage impressed, and the value, which
gave the maximum yield of ozone determined from it. Vifith this
value of e.m.f, impressed, another series of tests were made, the
speed being varied between the v/orking limits of the aspirator, and
curve No. 3 plotted betv/een the percent yield and t:.e flow of air
14

per minute. Then the distance between the plates was changed and
the process repeated for curves Nos. 3 and 4,
The voltage curves Nos. 1 and 3 for the brass electrodes
showed that the yield of ozone increased to a certs.in value and
then decreased. The speed curves Nos. S and 4 likewise indicated
that the amount of ozone formed increased as the velocity decreased
until a certain point was reached, after v;hich the yield started
to decrease with the speed. An examination of the electrodes showed
that the upper one, which was exposed to the ozone, was turning
green and rapidly corroding. Froia this it was evident that con-
siderable ozone was being lost thru oxidation of the plate. To
avoid this an aluminum plate was substituted for the upper elec-
trode, A similar set of tests was then run under the same con-
ditions as before, and the results plotted.
These curves, Nos. 5, 6, 7, and 8, showed several marked
differences from those obtained with the brass electrode. The
maximum results for the voltage curves, Nos, 5 and 7, were twenty
to forty percent higher, while the yield for the speed curves, Nos.
6 and 8, continued to increase as the rate of flow decreased. The
maximum percent by volume of air converted into ozone v;a8 0.813.
This was obtained with a voltage of 4850, air flow of .45 liters
per minute, and an air space of .15 cm., as shown by curve No. 8.
To determine the effect of the ozone upon impure water
passing thru the aspirator, the apparatus shown in Fig. Ill was
modified to the arrangement illustrated by Fig. IV. The ozonizer
was connected directly to thp aspirator with glass tubing. A
reservoir, consisting of a sixteen gallon keg, was placed betv/een
the aspirator and the water main. Two valves in the pipes furnished

a means of regulating the flow, while a tap provided a means of
obtaining specimens of the water just before it entered the
aspirator. The water in the keg v/as contaminated b^^ introducing
a quantity of bacteria and water organism.s obtained from the
University'- bacteriological departm.ent. Since the reservoir was
of a comparatively large size, its contents did not become diluted'
to any appreciable extent in the short interval during which
samples were being taken.
Two different experiments were miade upon the impure w8-ter.
The bacteria for the first test were still suspended in their
culture broth, which thereby introduced a large quantity of organic
matter into the water. For the second test a watery suspension
was used. Samples v/ere taken 8im.ultaneously of the entering and
leaving water, with the rate of flow varying between the lim.its of
the aspirator. The voltage impressed upon the ozonizer and the air
space V7ere the same as those for which the maximum concentration of
ozone vv-as obtained. The specimens were analysed by the bacterio-
logical department, and the results were as given on page 40 of
the appendix.
The air and water after passing thru the aspirator possessed
a strong odor of ozone, which disappeared if water was allowed to
stand for a short interval. Tests v\rith starch potassiv.m iodide
papers showed that the ozone was not being entirely absorbed. A
disagreeable odor, which the water possessed before treatment, was
not noticeable afterwards.
16

DISCUSSION
IV
The accuracy of the data secured for the various curves was
affected by several factors. The gas rneter used for measuring the
volume was only reliable to within three percent. ITeitLer could the
voltage be determined accurately since it was measured on the lovi
potential side of the transformer. When ozone was being formed,
considerable energy was consumed. This would cause a drop in the
transform.er and, hence, the e.m.,f, impressed upon the ozonizer
would not be the primary voltage m.ultiplied by the ratio of turns.
Another circumstarce which caused considerable trouble was the
variation of the water pressure. This miade it practically imiposs-
ible to keep the speed constant within a closer degree than five
or seven percent. The voltage curves were especially affected by
this condition.
The ozonizer proved very erratic in its behavior, with
both the aluminum and brass electrodes. With the latter, it gave
excellent results for the first fev; tests, after which the yield
apparently decreased for the same conditions. IJo satisfactory
result could be obtained until the apparatus had been allowed to
rest for some time. The only explanation suggested for this was
that the oxidized brass, when allowed to stand, formed a coating
over the surface of the electrode, which hindered the union of the
ozone and metal at first, but, being soon penetrated, allov;ed a
rapid reaction to take place after a short interval.
17

The aluminum electrode v;as not affected in this manner,
since a thin continuous layer of oxide soon formed on the surface
and prevented further reaction. It was, however, very sensitive
to changes in the atmosj^heric conditions, A slight rise i - ' "le
temperature would greatly decrease the yield of ozone. I. /eral
instances, when the electrodes becam.e heated, the amount : 3d
was decreased fifty percent.
The number of bacteria destroyed in bacteriologies 2ot
ITo. I was reduced to som.e extent by the presence of other :.;';_:anic
miatter, since a large proportion of the ozone was lost in lizing
this. The result obtained fromi sam.ple Ho. I was probably :\ reous,
since none of the others taken under similar conditions sbc'vei an
equal percent reduction.
In the second test, where there was no organic m.ati
present, the highest percent reduction of bacteria was 58 .ant.
This was for a very slow flow. For a flow 'twice as great,
percent killed was only 33.3 percent or apx^roximately one~h6r. s
many. This indicates that a longer period of contact is ne- '
rather than a higher concentration of ozone, since all of th latter
Viras not absorbed. The only way to secure a longer contact v v " d
be to lengthen the aspirator tube. The increase of back pre.:>c;ure
caused by this vifould decrease the efficiency of the aspirate:.;,
thus curtailing the supply of ozone. Hence, little could be
accomplished by this means.
18

COFCLUSIOIIS.
V
Althou2^^ this investigation was not carried far enough to
prove bei^-ond a reasonable doubt whether or not this method of
purifying water is feasible, several definite conclusions can be
drawn from the results obtained. First, an ozonizer giving an
exceedingly high concentration of ozone would be necessary if used
in connection with an asxurator. Such an ozonizer would work
satisfactorily only under the best state of external circumstances,
as any sudden change of atmospheric conditions, such as a rise of
temperature or increase of v/ater vapor, would decrease the amount
of ozone formed and consequently the affectiveness of the water
sterilization. For this reason the apparatus could not be depended
upon to give pure Wctter at all times unless some means were provided
for keeping the conditions constant. This would necessitate some
form of chemical drying apparatus and an effective arrangement for
cooling the electrodes. These accessaries would greatly increase
the cost and attention required.
Briefly summed up, the main points against this method of
purifying water are: (1) Expense of construction with profjer
accessaries; (3) Amount of attention required; (3) A large propor-
tion of the bacteria would not be distroyed, and, (4) A strong odor
of ozone remains in the water making it unfit for immediate use.
The fact that the disagreeable odor was eradicated from the water
is not an argum.ent in favor of the apparatus, since it removes all
19

indications of the presencf^- of impurities without destroyins the
latter. With these conditions existing, it is difficult to conceive
how this method of sterilizing water would be of any practical use.
30

VI
(;.) Drawings cf apparatus,
(c) Giix^re'j.
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BACTFPIOLOCrlCAL TEST S
.
Test l]Oy I
Sample Bacteria per cc. Bacteria per cc. Percent
No, before treatment, after treatment, reduction.
1 13500000 3000000 70,4
2 3000000 ISIOOOO 9.5
3 3910000 1600000 10.6
4 1810000 1600000 11,6
Test No, 3
Sample Rate of flow Bacteria per cc. Bacteria per cc. Percent
No. gal. per min, before treatment, after treatment, reduction.
1 0,635 37000 16400 39,3
3 0.65"3 17000 11500 33,3
3 0,378 30000 8400 58,0
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